Abstract. Photovoltaic (PV) modules' degradation behaviour, together with outdoor field condition and fault diagnostics, consist valuable data in evaluating efficiency and establishing long-term reliability of a PV system. However, since PV modules commonly come with 25 (even over) years of warranty, testing modules in field for that long period is not feasible. Thus, due to time constraints, many accelerated aging tests have been recently introduced for testing reliability and durability of PV modules. Scope of the presented study is the assessment of the performance degradation and fault (defect) propagation mechanisms with regard to three monocrystalline silicon (mc-Si) PV modules, through a specific thermal cycle accelerated ageing test. The parameters that were experimentally evaluated towards the accelerated ageing process of this study, were: i) the thermal signature evolution and/or propagation of any diagnosed defects, especially in two modules, by means of infrared (IR) thermographic measurements, ii) the overall performance degradation of each module, by means of electrical I-V measurements, together with iii) specific morphological characteristics, by means microscopy imaging. The intended study gave useful and promising results in assessing the effect of the applied thermal cycles upon the modules' thermal behaviour, electrical efficiency and morphology.
Introduction
PV modules are probably the most important component of any PV system. In fact, payback time and life cycle costs are mainly determined by the initial power output, power degradation, and the lifetime of the module. Therefore, guaranteed quality and operation reliability comprise fundamental requirements that provide the basis for the profitability and security of such investments [1] .
Of course, when thinking about long-term reliability of a PV module, the need for certified, zero-defect manufacturing and better understanding of degradation mechanisms emerges as sine quo non. Today, the majority of manufactured PV modules are warranted for a 25-year life. These modules are typically qualified to specific norms, such as IEC 61215 or IEC 61646, which are supposed to identify design, materials, and process flaws that are likely to lead to premature failure (infant mortality) [2] . Furthermore, defective cells are ideally identified and rejected during the early stages of a module's manufacturing process, using e.g. ultrasonic methods [3] , thermal flux thermography [4] [5] [6] [7] or electroluminescence (EL) imaging [8, 9] . However, the qualification tests are not designed to address wear-out mechanisms, occurring in real field conditions, which may limit module lifetime. Understanding these mechanisms is of utmost importance from several perspectives [10] :
Optimum and realistic warranty periods, adequate reliability tests and module design improvements for future manufacturers. More precise estimations of PV modules' lifetimes and, thus, more accurate models of life cycle costs for future investors. Scheduling of appropriate maintenance strategies for future plant operators. Decrease the PV electricity costs while increasing reliability of the PV module.
The study of degradation and failure mechanisms in PV modules is often based on accelerated ageing tests (AAT), where failure effects are reproduced and quantified [11] [12] [13] [14] [15] [16] [17] . If it is assumed that characterization and monitoring methods, such as I-V measurements and infrared thermography (IRT), are already established means of defect detection and diagnosis, the strong need for prognosis and long-term reliability gives the impetus of further research.
Main scope of this study is to assess the potential of an accelerated ageing test, in the form of thermal cycling, and field measurements, in the form of infrared thermography and I-V measurements, in providing thorough and reliable knowledge upon the performance degradation and (possible) defect propagation of specific mc-Si PV modules.
Experimental set-up
The testing objects of this study were three mc-Si PV modules, named as PV-1, PV-2 and PV-3. PV-1 consists of 33 mc-Si solar cells ( Figure 1 ) and according to its specifications (at standard test conditions, STC), features a P max of 6 W P (for which it is I mpp =0.39 A and V mpp =15 V), short-circuit current I SC =0.42 Α and open-circuit voltage V OC =19.5 V. PV-2 and PV-3 consist of 36 mc-Si solar cells ( Figure 2 ) and feature (at STC) a P max =5 W P (for which it is I mpp =0.285 A and V mpp =17.82), I SC =0.315 Α and V OC =21.96 V. The thermal cycling test was performed at an Angelatoni Industrie GTS600 accelerating ageing test chamber (Figure 3) , including a total number of 106 thermal cycles (Figure 4) , from -15 ºC, to +70 ºC, with ambient (starting) temperature of 25 ºC, and a temperature change ratio of 0.8 ºC/min., resulting to a total duration of about 4.5 hrs per cycle. During each measurement (0 thermal cycles, 53 thermal cycles and 106 thermal cycles), the values of cell/module surface temperature T c (only before I-V measurements), ambient temperature T a , relative humidity RH, wind velocity V f and solar irradiance G T , were taken into account (Table I) for three different reasons: for the initial set-up of the thermal imagers, ii) for the estimation of the expected (theoretical) cell temperature (during IR thermographic measurements) and iii) for the estimation of the maximum power output of each PV module (during the I-V measurements). It should be mentioned that, before each IR measurement, both thermal imagers were initially calibrated using ambient and reflected temperature compensation and were set to emissivity ε=0.85, equal to the emissivity factor of the modules' front cover material (glass). Table I . The environmental conditions of each measurement. Figure 7 presents the resultant thermal images from the IR measurements of IVN780-P, that show the evolution of PV-1, PV-2 and PV-3 thermal signatures over the effect of different ageing process stages: 0 thermal cycles (initial state) 53 thermal cycles (half-aged) and 106 thermal cycles (fully-aged). Similar results were obtained by the B200 thermal imager. In order to achieve significant thermal response and variations over any possible defect, all modules underwent IR measurements after 15 to 30 minutes of field exposure, under short-circuit conditions. The acquired thermal images from the inspected PV modules were analyzed in order to generate a simple and fast correlation between the expected cell temperatures (T c,exp ) of each module and the measured cell temperatures (T c,m ), obtained from these field thermographic inspections. In practice, a ∆Τ > 5 ο C between T c,exp and T c,m witnesses a potential defect (hot spot) [1] . According to Skoplaki et al. [18] , the expected operating cell temperature, can be fairly estimated by the following semi-empirical equation: Beginning with the thermal image analysis of PV-1, the attention is focused on two "suspicious" cells (as indicated by the black arrows in Figure 7 ), which were measured with an average cell temperature T c,m =47.5 ο C. At the same time, an apparently "healthy" cell in PV-1, presents a T c,m =38 ο C. Applying eq. (1), for the environmental parameters of this measurement (0 thermal cycles), given in Table I , the expected cell temperature is estimated to T c,exp =38.7 o C. Thus, the "healthy" cells, here, are operating to a temperature very close (by 1.8%) to the theoretical T c,exp , in contrast to two cells, diagnosed as defective, as they present an abnormal operating temperature, higher than the normal one by a ∆Τ=8.8 ο C. Similarly, a significant ∆T was observed to the operating temperatures of the defective cells, after both 53 and 106 thermal cycles, without -however -any significant change to their thermal signature. In particular, after 53 thermal cycles, a T c,m =38. Continuing, in the same way, with the analysis of the thermal images of PV-2, at the initial state of the module (before ageing, 0 thermal cycles), the attention was focused on the presence of a "suspicious" area, indicated by the black arrow in Figure 7 , which was related to a ∆Τ=7.4 ο C between the expected and the measured operating temperature. For the same area, after 53 and 106 thermal cycles, it was measured, within the thermal images, a ∆Τ=5.3 ο C and a ∆Τ=3.7 ο C, respectively, which do not correspond to a clear indication of defect. Although the specific abnormality in the temperature profile of this area is probably related to the presence of the junction box -at the backside cover of the modulefurther investigation has been made during the analysis of theI-V measurements (see next subsection).
Results and Discussion

A. IR Thermography measurements
Finally, in the thermal image analysis of PV-3 module, a "suspicious" cell, with an abnormal temperature profile, has been detected at the initial state, as (similarly to the previous ones) indicated in Figure 7 . For the specific cell and for the three stages of ageing (0, 53 and 106 thermal cycles) the related thermal images revealed a significant ∆Τ of 21.1 ο C, 15.5 ο C and 8.9 ο C, respectively. Moreover, in contrast to the defective cases of PV-1 and PV-2, here the defect appears to change and propagate to the adjacent cells after the conclusion of the 106 thermal cycles, resulting to a defective area of a larger extent, compared to the initial state. In particular, while the defective area of PV-3, at the initial state, includes one cell, the effect of thermal cycle ageing has apparently led to an extension of this area to a total number of four cells and, subsequently, to further power degradation, as it will be shown in the next subsection.
It should be clarified that the noticed decrease of the ∆Τ value, during the ageing process, in all three cases of PV modules, does not imply any restriction of the defects' severity and their impact to the modules' power degradation. It can, though, be explained as a result of the expansion of the dissipated heat to the defective areas and its allocation to each whole module.
B. Electrical I-V measurements
In this study, the electrical efficiency n(%) and efficiency (power) degradation ∆n (%), for each module and each ageing stage, are given in Table II , as they were estimated using specific I-V measurements and according to the following steps:
1. Estimation of the electrical efficiency n 0 of each module, at STC, according to the provided electrical and technical specifications, by applying eq. (2) [19] . The subscript "0" here, refers to STC. FF and A refer to the fill factor and total cell matrix area, respectively. 
4. Estimation of the theoretical (expected) P max and n of each module, reduced to the environmental conditions of each measurement, according to eq. (6) and eq. (7) respectively, using the values of I SC , V OC and FF, from eq. (3), (4) and (5).
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and (7).
Comparison between the theoretical (expected)
and actual values of electrical efficiency n of each module, for 0, 53 and 106 thermal cycles and estimation of the respective overall electrical efficiency degradation ∆n. The results of the electrical measurements of this study, concluded and presented in Table I , indicate an apparent overall power (and, thus, efficiency) degradation, by 18.3%, 5.4% and 14.2%, as a result of both the applied thermal cycles, through the ageing process, and the existent defects' impact to PV-1 and PV-3. Although the three modules underwent thermal cycling under different initial conditions of defects and efficiency, their measured electrical efficiency degradation presents the following common characteristics:
The efficiency degradation rate of all modules appears to be higher at the first part of the ageing process (from 0 to 53 thermal cycles) than those at the second part (from 53 to 106 thermal cycles).
The efficiency degradation at the end of the ageing process (after 106 thermal cycles) is found to be about 2.5 higher than the initial one, before ageing.
C. Morphological observations
Figures 8-10 present the resultant optical microscopy images of defective cells in PV-1 and PV-3, as diagnosed by the IR measurements, after the completion of the ageing process (106 thermal cycles). As Figure 8 suggestively shows, the specific defective cell in PV-1 presents partial discoloration (indicated by the yellow arrow), which is characteristic of a degraded ethylene vinyl acetate (EVA) encapsulant film. Similar parts of defective cells were noticed in Figure 9 , due to either electrical mismatches (distorted busbars, 1 st arrow) degraded EVA film (brown discolorations, 2 nd arrow) or possibly degraded anti-reflection coating of the cells (cyan discolorations, 3 rd arrow). With regard to Figure  10 , the defective parts of PV-3 were found with specific cyan discolorations, possibly related to degraded antireflection coating, as in the 3 rd case of Figure 9 . 
Concluding remarks and future work
The presented study provided an assessment of the performance degradation and defect propagation mechanisms with regard to three mc-Si PV modules, by means of IR thermography, I-V measurements and optical microscopy imaging, through a thermal cycle accelerated ageing test.
It can be concluded that the results of the I-V measurements, upon the investigation of the efficiency degradation of each module, appear to be much more indicative of the thermal cycles ageing impact, than the resultant thermal signatures from the IR measurements.
On the other hand, however, IR thermography diagnosis features the significant detection ability, providing valuable information with regard to the exact location of each defective cell and any possible propagation of the defective areas (as for the case of PV-3, after 106 thermal cycles). Moreover, the optical microscopy images successfully verified the presence of the diagnosed defects and efficiency degradation, in the form of certain discoloured brown-coloured EVA parts, distorted busbars and possibly degraded cyan-coloured anti-reflection coating of the silicon cell matrix.
Main limitation and, thus, disadvantage of such investigations is the inevitable lack of knowledge with regard to how these accelerated tests relate to field environments, in order to correlate each accelerated ageing process with actual lifetime (in years) in the field.
Further ambitions of the current research team, towards accelerated ageing testing and diagnostics/prognostics of PV modules are to:
Enrich the accelerated ageing process scenario of the presented study with damp-heat, humidity-freeze and/or mechanical stress ageing tests.
Investigate the application of DC voltage and continuous thermal imaging inspection to each tested module, during an ageing process. Apply current accelerated ageing tests to different technologies of PV modules.
